As a step towards developing a new design philosophy, one that moves away from the traditional empirical approach used today in design towards a science-based design technology approach, a test series of 7 isotropic shells carried out by Arbocz and Babcock [1] at Caltech is used. It is shown how the hierarchical approach to buckling load calculations proposed by Arbocz et al [2] can be used to perform an approach often called "high fidelity analysis", where the uncertainties involved in a design are simulated by refined and accurate numerical methods. The Delft Interactive Shell DEsign COde (short, DISDECO} is employed for this hierarchical analysis to provide an accurate prediction of the critical buckling load of the given shell structure. This value is used later as a reference to establish the accuracy of the Level-3 buckling load predictions. As a final step in the hierarchical analysis approach, the critical buckling load and the estimated imperfection sensitivity of the shell are verified by conducting an analysis using a sufficiently refined finite element model with one of the current generation two-dimensional shell analysis codes with the advanced capabilities needed to represent both geometric and material nonlinearities.
INTRODUCTION
It is generally agreed that, in order to make the development of the Advanced Space Transportation System a success and to achieve the very ambitious performance goals (like every generation of vehicles 10x safer and 10x cheaper than the previous one), one must make full and efficient use of the technical expertise accumulated in the past 50 years or so, and combine it with the tremendous computational power now available. It is obvious that with the strict weight constraints used in space applications these performance goals can only be achieved with an approach often called "high fidelity analysis', where the uncertainties involved in a design are simulated by refined and accurate numerical models. In the end the use of =high fidelity _ numerical simulation will also lead to overall cost reduction, since the analysis and design phase will be completed faster and onty the reliability of the final configuration needs to be verified by structural testing. In addition, it is imperative (though often completely neglected), that at the beginning of any stability investigation, the accuracy of the discrete model used should be checked against available analytical or semi-analytical results. This step is part of a mandatory study needed in order to establish the dependence of the buckling load predictions on the mesh distribution used. Furthermore, as has been pointed out in the past by Byskov [6], if one carries out imperfection sensitivity investigations, which involve an extension of the solution into the postbuckling response region, further mesh refinement may be needed since the wavelength of the dominant large deformation pattern may often decrease significantly.
Finally, whenever one is engaged in shell stability analysis it is especially important that one is aware of the possible detrimental effects of a whole series of factors, that have been investigated extensively in the late 1960s and the early 1970s. Thus for an accurate and reliable prediction of the critical buckling load of a real structure, one must account not only for the influence of initial imperfections [e.g., 7,8] and of the boundary conditions [e.g. 9], but one must also consider the effects of stiffener and load eccentricity [e.g., 10] and the prebuckling deformations caused by the edge restraints [e.g. 11,12].
A test series of 7 isotropic shells carried out by Arbocz and Babcock [1] at Caltech is used to illustrate how such a hierarchical approach to buckling load calculations can be carried out. The platform for the multi-level computations, needed for an accurate prediction of the critical buckling loads and a reliable estimation of their imperfection sensitivity, is provided by DISDECO [13] . With this open ended, hierarchical, interactive computer code the user can access from his workstation a succession of programs of increasing complexity.
SOLUTION OF THE BUCKLING PROBLEM
In the following it will be shown that with the help of DISDECO, the Delft Interactive Shell DEsign COde, the shell designer can study the buckling behavior of a specified shell, calculate its critical buckling load quite accurately and make a reliable prediction of the expected degree of imperfection sensitivity of the critical buckling load. The proposed procedure consists of a hierarchical approach, where the analyst proceeds step-by-step from the simpler (Level-I) methods used by the early investigators to the more sophisticated analytical and numerical (Level-2 and Level-3) methods used presently.
Level-1 Perfect Shell Buckling Analysis
The geometric and material properties of the isotropic shell A-8 of Ref.
[1] are listed in Table 1 . Table 2 for the specified circumferential wave numbers n. Zc an n-search must be carried out, whereby one must be careful to find not a local minimum but the absolute minimum. As can be seen from the results presented in Table  3 the n-search using membrane prebuckling and a rigorous satisfaction of SS-3 (N x = v = w = M x = 0) boundary conditions for the stability problem yields indeed the repeated eigenvalues Zc m -1.0 located on the "Koiter" circle. The slight variations in the eigenvalues are due to the fact that both the axial half-wave numbers m and the circumferential full wave numbers n are integers. In fig. 2 the critical buckling modes using membrane and rigorous nonlinear prebuckling are depicted. Notice that the solutions with nonlinear prebuckling differ significantly from the ones obtained using membrane prebuckling, especially at n = 24 where one observes a typical edge buckling type behavior.
Level-3 Perfect Shell Buckllng Analysis
To verify the earlier predictions the finite difference version [20] of the well known shell analysis code STAGS
[21] will be used. In order to be able to represent the measured initial imperfections accurately, the whole shell will be modeled.
Initially a convergence
study must be carried out in order to establish the mesh size needed for accurate modeling of the buckling behavior of the shell in question. For this purpose the asymmetric bifurcation from a nonlinear prebuckling path option was used, whereby the earlier results obtained with the Level-2 module ANILISA listed in Table 3 serve as a reference.
In the convergence study, at first, for a fixed number of mesh points in the axial direction (NR = 161) the number of mesh points in the circumferential direction (NC) was increased until the bifurcation load approached a horizontal tangent. As can be seen from Fig. 3 the results converge to a limiting value from below at about NC = 261. Next, for a fixed number of mesh points in the circumferential direction (NC = 161) the number of rows (NR) was varied. This time convergence is from above and as can be seen from where i is an integer denoting the number of half-waves in the axial direction and _1 is the amplitude of the axisymmetric imperfection normalized by the shell waU-thickness h.
If one assumes that both the axial load and the boundary
conditions are independent of the circumferential coordinate, then the prebuck-ling solution will also be axisymmetric, a fact that simplifies the solution considerably.
Level-1 Analysis of Axisymmetric
Imperfection Neglecting the effect of the prebuckling boundary conditions the nonlinear equations governing the prebuckling state admit the following axisymmetric solutions Level-2 Analysla of Axlsymmetric Imperfection Since the external loading, the boundary conditions and the assumed initial imperfection are axisymmetric, therefore the prebuckling solution will also be axisymmetric.
It has been shown in Ref.
[26] that by assuming
the solution of the nonlinear partial differential equations governing the prebuckling state can be reduced to the solution of a single fourth order ordinary differential equation with constant coefficients, which can be solved routinely.
For isotropic shells the resulting linearized stability equations admit separable solutions of the form Table 4 . Notice that a rigorous nonlinear prebuckling analysis was used and an n-search was carried out for each specified axisymmetric imperfection amplitude _1"
The values of 
where m and n are integers denoting the number of axial half-waves and the number of circumferential full waves, respectively, instability occurs at the limit point of the prebuckling state in the generalized loaddeformation space. Assuming that the eigenvalue problem for the critical (lowest) buckling load Ac will yield a unique asym- (1-Ps) 3'2 = 3jE Yb[1--
(1-p_ )l 21 (15) where Ps = As/Ac.
Notice that, if the second postbuckling coefficient "b" is positive, Eq. (15) has no real solutions.
Thus the buckling load of the specified shell-loading combination is not sensitive to small asymmetric initial imperfections of the shape given by Eq. (13). If, however, the second postbuckling coefficient "b" is negative, the equilibrium load A decreases following buckling and the buckling load of the real structure As is sensitive to the asymmetric initial imperfection specified by Eq. (13).
Level-1 Analysis of Asymmetric Imperfection For the isotropic shell under investigation,
as can be seen from the partial results listed in Initially, we assume a long wave asymmetric imperfection affineto oneof the criticalbucklingmodesof the perfect Caltech isotropicshell A-8,computedby the Level-1 computational moduleAXBIF(seealso Table   3 In order to apply the theory of imperfection sensitivity with confidence, one must know the type of imperfections that occur in practice. In 1969 Arbocz and Babcock [1] published the results of buckling experiments where, for the first time, the actual initial imperfections and the prebuckling growth of the midsurface of electroplated isotropic shells were carefully measured and recorded by means of an automated scanning mechanism.
Mideurface
Initial Imperfections
As can be seen from Fig. 15, the Level-2 solutions eliminate the ydependence by a truncated Fourier decomposition in the circumferential direction.
The resulting system of nonlinear ordinary differential equations are solved numerically, whereby both the specified boundary conditions and the effect of edge restraint are rigorously satisfied. Thus by this approach the only approximation is that one represents the variation of the solution in the circumferential direction by a single harmonic with n full waves, whereby an n-search is used to establish which wave number is the critical one. The Level-2 module ANILISA can also be used to investigate the effect of using different boundary conditions. In Table 5 Notice that by including both the midsurface and the boundary initial imperfections one obtained a very good agreement indeed.
The study of the buckling behavior of the isotropic shell [38] , is one approach, but has yet to be extended to larger cylindrical shell structures and other shells of revolution. co N_q _C.ML gt By relying on a series of theoretical results of various degree of sophistication published in the literature, the hierarchical approach used in this paper has resulted in a series of buckling load predictions of increasing accuracy. It was shown that in order to be able to arrive at a reliable prediction of the critical buckling load and to make an estimate of its imperfection sensitivity which can be used with confidence, one must proceed step by step from simple to more complex models and solution procedures.
In particular one can state, that in order to predict the critical buckling load accurately and to make a reliable estimate of its imperfection sensitivity, the nonlinear effects caused by the edge restraint conditions must be included in the analysis.
Any solution procedure which fails to account for these effects, should be suspect of having provided incorrect results.
The most approximate of the here described analyses, the Level-1 solutions which neglect the effects caused by the edge restraints, can still be used to great advantage to establish the approximate behavior of a shell subjected to the specified external loading. However, depending on the value of the prebuckling stiffness, resulting from the different types of wall constructions used, the solutions may be either conservative or nonconservative.
As can be seen from the results shown in Table 5 , the buckling load of the isotropic shell A-8 is sensitive to all the initial imperfection shapes investigated. For a more specific prediction of the final collapse load, the final goal of a "High ;_nl = 0.844481 
